We report structural, transport, and thermal properties of type-I clathrate K 8 Ga 8 Sn 38 single crystals grown by the self-flux method. Single-crystal x-ray diffraction analysis confirmed that the guest K + ion locates on the center in the tetrakaidecahedron composed of Ga and Sn atoms. The thermopower is largely negative, −200 V / K at room temperature, irrespective of the flux used during growth ͑Ga or Sn͒. The thermal conductivity ͑T͒ exhibits a large peak at 14 K. These observations in K 8 Ga 8 Sn 38 are contrasting with the splitting of the guest site and the glasslike behavior in ͑T͒ reported for type-I Ba 8 Ga 16 Sn 30 although the free space for the guest is almost the same in both compounds. The electrostatic potential for the tetrakaidecahedron was calculated using the occupation probabilities of Ga ions in the three sites on the cage. It is found that the off-centered state is stabilized for the Ba 2+ ions in Ba 8 Ga 16 Sn 30 by the partial occupation of Ga anion in the 16i site while the on-center state for K 8 Ga 8 Sn 38 is stabilized by the strongly preferred occupation of Ga anions in the 6c site. We conclude that the charge distribution on the cage is crucial for the splitting of the guest site into off-center positions in the tetrakaidecahedron of the type-I clathrate.
I. INTRODUCTION
Thermoelectric materials have attracted much attention over the decades because of their potential for directly converting waste heat to electricity. 1 In searching for novel thermoelectric materials, Slack proposed the concept "phonon glass electron crystal ͑PGEC͒." 2 The ideal PGEC material would have thermal properties similar to those of amorphous materials where phonons have short mean-free path and electronic properties similar to those of covalent crystals where electrons have high mobility. The thermoelectric efficiency of a given material is evaluated by the dimensionless figure of merit ZT = S 2 T / , with thermopower S, electrical resistivity , and thermal conductivity . Among type-I clathrates with the general formula A 8 E x X 46−x , Ge-based compounds A 8 Ga 16 Ge 30 ͑A =Ba,Sr͒ demonstrated unusually low ͑1-2 W/ K m͒, rather low ͑ϳ1 m⍀ cm͒, and large S͑−50 V / K͒ at 300 K. [3] [4] [5] Therefore, they were considered as materials satisfying the concept of PGEC. As is shown in Fig. 1͑a͒ , type-I crystal structure consists of two types of cages-dodecahedra and tetrakaidecahedra-both of which encapsulate A atoms as guests. The guest is bonded loosely to the cage framework which is made of sp 3 -like covalent bonding of Ga and Ge atoms. The guest atoms vibrate with large amplitude in oversized cages, whose modes can resonantly scatter the acoustic phonons that carry most of the heat in the crystal. So far, clathrates with divalent guests such as A 8 Ga 16 Ge 30 ͑A =Ba,Sr,Eu͒ have been extensively studied. [6] [7] [8] On going from A =Ba to A = Sr, and Eu in this series, the ionic radius decreases and the smallest Eu atoms in the tetrakaidecahedron occupy the split 24k sites, which are about 0.4 Å away from center. 9 Concomitantly, the vibration energy of the guest is lowered from 60 K to 53 K and 30 K. 6, 10, 11 As a result, the lattice thermal conductivity L is suppressed more strongly. Furthermore, L ͑T͒ for A = Sr and Eu shows glasslike behavior with a plateau in the temperature range 10-20 K. It was proposed that the rattling motion of Eu ions among split sites in tetrakaidecahedron is responsible for the strong scattering of acoustic phonons. 6, 12 Another type-I clathrate Ba 8 Ga 16 Sn 30 ͑BGS͒ has a lattice parameter of 11.685 Å which is larger than that for Ba 8 Ga 16 Ge 30 ͑BGG͒. 13 As a consequence of the large guest free space for the Ba atoms in the tetrakaidecahedron of BGS, the Ba atoms occupy off-center 24k sites which are 0.4 Å away from center 6d site. 13, 14 The L of BGS is the lowest among intermetallic type-I clathrates at 4 K. It shows glasslike temperature dependence and approaches 0.75 W / K m on heating to 150 K. The characteristic energy for the rattling motion of Ba atoms in tetrakaidecahedron is approximately 20 K. 14, 15 Therefore, BGS was proved to be a typical material which satisfies the concept of PGEC. Furthermore, it was naturally conjectured that the large free space of the guest is necessary for stabilizing the split sites. 15 As for thermoelectric material, BGS has an advantage that the carrier type in the samples can be tuned by choosing the self-flux. Namely, with Ga flux, holes are doped in the system and thus S is largely positive, 300 V / K at 290 K. With Sn flux, on the other hand, electrons are doped and S is largely negative, −300 V / K at 290 K. 15 Type-I Sn-based clathrates encapsulating alkaline metals K, Rb, and Cs in the cage are also known to exist. There are reports on K 8 19 In order to further understand the unusual structural and thermal properties of BGS as mentioned above, we have focused our attention to KGS whose lattice parameter of 11.935 Å and guest ionic radius for K in a high coordination environment of 1.64 Å ͑Ref. 20͒ are close to those of BGS ͑11.685 Å and 1.61 Å͒, respectively. The previous study of singlecrystal x-ray diffraction of KGS found that the K atom at 6d site in the tetrakaidecahedron vibrates with unusually large amplitude in the middle plane parallel to the hexagonal rings. 17 In fact, the atomic displacement parameters ͑ADPs͒, U 22 = U 33 = 0.12 Å 2 are five times larger than those for the K atom at 2a site in the dodecahedron. The thermoelectric properties of KGS at temperatures between 300 and 520 K have been reported on polycrystalline samples prepared by the spark plasma sintering method. 21 While the L of 1.1 W / K m at 300 K is larger than that for BGS, the high mobility of 25 cm 2 / V s and largely negative S of −250 V / K are promising results for thermoelectric application. The maximum ZT value of 0.27 was estimated at 490 K.
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II. SINGLE-CRYSTAL GROWTH AND STRUCTURAL ANALYSIS
We have grown single crystals of KGS by self-flux method using both Sn and Ga as flux. Two kinds of elemental mixtures with the atomic ratios of 8:8:60 and 8:15:38 for K:Ga:Sn were used. The samples from these batches will be referred as Sn#1 and Ga#2, respectively. High-purity elements K, Ga, and Sn were put into a molybdenum crucible, which was in turn sealed in a stainless-steel ampoule. All manipulations were performed inside a glove box under an argon atmosphere with water concentration less than 0.06 ppm. The Sn#1 sample was heated up to 900°C, kept at 700°C for 1 week, then cooled at a rate of 1°C / h to 450°C. At this point, the ampoule was quickly removed from the furnace and the remaining molten Sn flux was separated by centrifuging. On the other hand, the Ga#2 sample was heated up to 550°C, then cooled at a rate of 1°C / h to 450°C.
The obtained crystals are 3.5-5.0 mm in diameter, as shown in Fig. 1͑b͒ . Powder x-ray diffraction patterns with Cu K␣ radiation were recorded using a Rigaku Ultima IV diffractometer. The patterns were in good agreement with those simulated with reported atomic coordinates, 17 and the Rietveld analysis led to the lattice parameter of 11.964 Å for both samples. The crystal composition was determined by electron probe microanalysis ͑EPMA͒ using JEOL JXA-8200 analyzer. The crystal composition and starting composition are listed in Table I , where the composition of K was assumed to be 8. We find that the crystal composition does not depend on the starting composition and is nearly stoichiometric. In order to determine the melting point, the differential thermal analysis ͑DTA͒ was done using SETARAM DTA-92-18. The DTA curve recorded on heating at a rate of 5°C/ min exhibited an endothermic peak at 600°C. The fall-off point at 580°C was taken as the melting point.
Single-crystal x-ray diffraction measurements were performed on selected crystals of 0.1 mm in diameter. We used a Rigaku RAPID-S diffractometer with an imaging plate area detector using monochromatic Mo K␣ radiation ͑ = 0.71073 Å͒. The data were recorded at various constant temperatures from 120 to 290 K. The crystal structure was refined using the Rigaku CRYSTALSTRUCTURE crystallographic software package. 22 We confirmed the cubic symmetry with the space group Pm3n ͑No. 223͒. The lattice parameter of a = 11.967͑1͒ Å is in good agreement with the value of 11.964 Å obtained by powder x-ray diffraction analysis. The final value of the reliability factor R͑R W ͒ is 0.0098 ͑0.0119͒. Such low values for a complex and disordered system evidence the good crystallinity of the sample and the validity of the structural model. The refined atomic coordinates, isotropic displacement parameters U eq , and occupational parameters at room temperature are summarized in Table II , where K͑1͒ and K͑2͒ are guests in dodecahedron and tetrakaidecahedron, respectively. In order to examine the possible occupation of K͑2͒ on off-center 24k site, we treated the atomic coordinates of K͑2͒ as free parameters. Even though the K͑2͒ atoms were initially placed at off-center sites, the coordinates after iteration have converged on ͑1/4, 1/2, 0͒ which is the center 6d site. This result contrasts markedly with the occupation of offcenter 24k site for Ba͑2͒ ions in BGS despite having similar free space for the guest as for K͑2͒ ions in KGS. Note that the isotropic displacement parameter U eq of K͑2͒ is several times larger than that of K͑1͒. Moreover, anisotropic displacement parameter U 22 and U 33 of K͑2͒ in the middle plane parallel to the hexagonal rings of tetrakaidecahedron are unusually large as 0.1040͑14͒ Å 2 compared to U 11 = 0.0432͑15͒ Å 2 for the out of the plane motion. The occupational parameters of cage atoms listed in Table II indicate that Sn atoms occupy 16i and 24k sites preferentially while Ga atoms preferentially occupy 6c site. Because the distance between 6c site and nearest-neighbor 24k site is shortest among all cage bond distances, Ga has a greater tendency to occupy 6c site so that the Ga-Ga bonding with higher bond- ing energy than others is avoided, as was reported for BGG and BGS. 15, 23, 24 The x-ray diffraction data at various temperatures were refined to obtain the ADP for K and Ga/Sn. Figure 2 represents the temperature variations in ADP and the inset shows that of the lattice parameter. Assuming the guest K atom as an Einstein oscillator and the cage as a Debye solid, the parameters U 11 and U 22 for the guest K atom and U eq for the framework Ga/Sn atoms at a given temperature T are respectively written as
͑2͒
where m g , m av , and d are mass of the guest atom K, the average mass of the framework atoms Ga/Sn, and temperature-independent disorder term, respectively. 25 As is shown in Fig. 2 , the experimental ADPs are well fitted by using the above equations. Einstein temperatures derived from the fits to U eq are 112 K and 72 K for K͑1͒ and K͑2͒, respectively. Considering the anisotropic vibration of K͑2͒, we estimated Einstein temperatures of 97 K and 65 K from the fits to U 11 and U 22 , respectively. The Debye temperatures of cage atoms at the three sites are in the range between 174 and 175 K, which is lower than the values of 194-203 K reported for BGS.
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III. TRANSPORT AND THERMAL MEASUREMENTS
The temperature-dependent electrical resistivity and thermopower S were measured in the range from 4 to 300 K with homemade systems by a standard dc four-probe method and a differential method, respectively. In the latter, a temperature difference of 0.04-0.3 K was applied along a barshaped sample. In order to estimate the carrier density and mobility, the Hall coefficient R H was measured by a dc method in a field of 1 T applied by a conventional electromagnet. The thermal conductivity was measured using a steady-state method in a range from 4 to 300 K. Because the effect of heat losses by radiation becomes serious in the measurement of at high temperatures, the lattice thermal conductivity was assumed to be constant above 150 K. The electronic contribution to was estimated from the measured ͑T͒ by using the Wiedemann-Franz law. Specific heat C was measured from 2 to 300 K on a Quantum Design physical property measurement system using its standard thermalrelaxation method. Figure 3 displays the sets of data of ͑T͒, S͑T͒, and ͑T͒ for Sn#1 and Ga#2 samples. With increasing temperature, ͑T͒ monotonically increases and S͑T͒ linearly decreases for both samples. The negative sign of S for Ga#2 is opposite to our initial expectation that the Ga flux method would lead to excess Ga in the crystal and thus provide hole carriers, as in the case of BGS crystals grown from Ga flux. 15 If we assume one type carrier, the Hall coefficient R H = −0.20 cm 3 / C is translated to the electron charge-carrier density of 3.2ϫ 10 19 / cm 3 at 290 K. This density equals to that reported for n-type BGS, while the value of ͑T = 290 K͒ is one fourth of that for n-type BGS. It suggests the higher mobility of carriers in KGS than in BGS. In fact, the Hall mobility estimated from R H / is 19 cm 2 / V s for KGS, being four times larger than that for BGS. As was pointed out by Hayashi et al., 21 the higher mobility may be a result of the higher ratio of Sn atoms among 46 atoms on the cage; 38/46 in KGS and 30/46 in BGS. This should result in more homogeneous sp 3 bonding in KGS than in BGS. As a consequence, the power factor S 2 / for KGS is as large as 0.65 mW/ K 2 m at 290 K. Figure 3 also displays ͑T͒ for Ga#2 KGS together with that for n-type BGS. The ͑T͒ for KGS has a peak of 7.3 W / K m at 14 K, which is a characteristic behavior of a crystalline solid. 26 This is a good contrast with the glasslike behavior for BGS in which the off-center rattling of Ba guest in the tetrakaidecahedron scatters the acoustic phonons effectively. 15 In this context, we note that the crystalline behavior of ͑T͒ for KGS is consistent with the on-center vibration in the tetrakaidecahedron. At the bottom of Fig. 3 , we plot the dimensionless figure of merit ZT = S 2 T / for Ga#2 sample. The ZT approaches 0.07 at 300 K, not high enough for real application at around room temperature. Evaluation of ZT at higher temperatures is necessary to assess the optimal efficiency range.
The specific heat C͑T͒ provides important information on the guest vibrations in caged compounds. 7, 27 The data of C͑T͒ for KGS are plotted as C / T 3 vs T in Fig. 4 . There are contributions from Einstein modes of K͑1͒ and K͑2͒, Debye specific heat of the 46 cage atoms and charge carriers. The number of Debye modes was taken as 138͑3 ϫ 46͒ per formula unit. In order to reduce the number of parameters for fitting, we assumed that the Einstein temperature for the isotropic vibration of K͑1͒ equals that for the vibration of K͑2͒ perpendicular to the cage's two hexagons. The Einstein temperature is denoted by E1 , and the other one describing inplane vibration of K͑2͒ is denoted by E2 . Thus, the number of Einstein modes with E1 is 12͑1 ϫ 6+3ϫ 2͒ and that with E2 is 12͑2 ϫ 6͒ per formula unit. 27 This assumption is allowed by the fact that U 11 for K͑1͒ is comparable with U 11 for K͑2͒ as found by the structural refinement. The Debye temperature D was estimated to be 201 K from the measurements of sound velocities. 28 From the C / T vs T 2 plot, the electronic specific-heat coefficient ␥ was estimated to be 3.2 mJ/ K 2 mol, which is comparable with the value of 5.3 mJ/ K 2 mol derived from the free-electron model for the carrier density of n = 3.2ϫ 10 19 / cm 3 . Now, the residual parameters to fit the data of C / T 3 are only E1 and E2 , which were obtained as 59.3 K and 51.2 K, respectively. The fit is shown by the solid line in Fig. 4 . The dotted line marked by C SC represents the calculation using the parameters obtained from the analysis of the ADPs. Thereby, we used Einstein temperatures 112 K for K͑1͒, 97 and 65 K for K͑2͒, Debye temperature 175 K, and ␥ = 5.3 mJ/ K 2 mol estimated from the carrier density. This calculation gives a worse fit to the data compared to the fit described above. The possible reason is that the analysis of ADP's underestimated the Debye temperature because the range of the ADPs measurements up to 300 K is not sufficiently high compared with the Debye temperature.
IV. ANALYSIS OF ELECTROSTATIC POTENTIAL
The structural analysis showed that the K guest in KGS occupies the on-center 6d site in the tetrakaidecahedron. However, the Ba guest in BGS occupies the split sites despite having almost the same free space. It is important to understand the mechanism which stabilizes the split sites for the guest atom in the tetrakaidecahedron of type-I clathrate. The guest cation should feel the electrostatic potential created by cage anions. To calculate the potential, we assumed that Sn is electrically neutral and Ga has a point charge of −e. The Ga atoms in KGS occupy three sites, 6c, 16i, and 24k, as shown in Fig. 1͑a͒ , with occupation probabilities p i given in Table I . The values of p i in BGS are 0.707, 0.356, and 0.252 for 6c, 16i, and 24k sites, respectively. 15 Then, the electrostatic potential can be described as
where r i Јs are the coordinates of the Ga atoms. The calculated potentials in the middle plane between the two hexa- gons in the tetrakaidecahedron are shown in Fig. 5 for KGS and BGS. The center is the 6d site and X denotes the localsymmetry axis along one of the three ͓100͔ directions. The potential minimum is on-center for KGS, whereas it is split into four positions which are 0.7 Å away from the center. It should be noted that the potential minimum is located on the 24j site rather than the 24k site as observed from singlecrystal x-ray diffraction. 15 We calculated the potential by varying the values of p i for the three sites and found that the splitting is made possible by the high probability of the occupancy of Ga anions on the 16i sites in BGS. In order to confirm this conjecture, we also calculated the potential for BGG with the value of p i = 0.74, 0.17, and 0.37 for 6c, 16i, and 24k sites, respectively. 23 The potential minimum is found to be on-center, which is consistent with the on-center vibration of Ba cations in BGG. 6 In Fig. 6 , the arrangement of 16i and 24j sites is represented to understand better the relation between the preferential occupation of Ga anions on 16i site and the position of potential minimum. Our calculation indicates that the potential minimum shifts from 6d site to 24j site as p i for the 16i site increases from 0.17 for BGG to 0.356 for BGS.
V. SUMMARY
We have reported structural and thermoelectric properties of single crystals of type-I clathrate KGS grown by self-flux method. On heating from 4 to 300 K, the thermopower linearly decreases to −200 V / K and electrical resistivity monotonically increases from 3 to 10 m⍀ cm. These behaviors do not depend on which flux Sn or Ga was used for the crystal growth. The thermal conductivity exhibits a peak of 7.3 W / K m at 14 K. This is a good contrast with the glasslike behavior of thermal conductivity in BGS for which rattling of Ba cations among four split sites in the tetrakaidecahedron is thought to be responsible. The on-center vibration of K cations in KGS was confirmed by single-crystal x-ray diffraction analysis. The calculation of electrostatic potential of the tetrakaidecahedron in BGS and KGS indicated that the preferential occupation of Ga ions with a negative charge plays the crucial role in determining whether or not the split sites are stabilized. 
